The 2008 Wenchuan Earthquake induced landslides that destroyed large swaths of mountain vegetation. Presently, the damaged vegetation areas are exhibiting various stages of recovery depending on environments. A spatial analysis of earthquake-damaged and recovered vegetation can provide useful information for understanding landslide processes. The mountainous watersheds of the Minjiang River Upstream, near Yinxiu Town (one of the highest seismic intensity zones during the Wenchuan earthquake) were selected. A DSAL (digital elevation model (DEM), slope, aspect and lithology) spatial zonation method was established to detect natural features of the vegetation survival environments, and damaged and recovered vegetation areas were extracted using the normalized difference vegetation index (NDVI) changes form multi-temporal (2001-2014) Landsat Thematic Mapper/Enhanced Thematic Mapper/Operational Land Imager (TM/ETM/OLI) images. Statistical results show that the vegetation growth was mainly controlled by its survival environments, and vegetation has coupling relations with slope stability. Then, the slope stability model was developed through multivariate analysis of earthquake-damaged vegetation and its controlling factors (i.e., topographic environments and material properties). Application to the Mianyuan River and Subao River basins validated the proposed model, showing that monitoring the vegetation (using the remote sensing images) 
Study Area
The study area was upstream of the Minjiang River (103°15ʹ-103°43ʹE, 31°03ʹ-31°30ʹN) and primarily located in the town of Yingxiu in southern Wenchuan County, Sichuan Province, China, which is approximately 10 km northwest of Dujiangyan (Figure 1 ). This area was selected for three reasons. First, it is close to the Wenchuan Earthquake epicentre and was severely affected by the earthquake because of high levels of seismic shaking, which was characterised by seismic intensity XI based on the seismic intensity map produced by the China Earthquake Administration (CEA, 2008) after intensive field work. Second, the area had rich vegetation before the earthquake, which induced catastrophic landslides that damaged large areas of vegetation and provided an unprecedented amount of data for the analysis of earthquake-damaged vegetation. Third 
Topographical and Geological Setting of the Study Area
The study area is characterised by deep rivers and gullies and presents significant variations in the land surface relief (Figure 2a ). In addition, active tectonic movements occur in this region because it is located in the fault zones of the Longmenshan Mountains and the Yingxiu-Beichuan fault (the central fault of the Longmenshan thrust belt) runs through the study area [18] . There are approximately 5 types of lithology (granite, diorite, limestone, phyllite and sandstone), with granite rocks dominant in this region (Figure 2b ). 
Vegetation Changes in the Study Area before and after the Wenchuan Earthquake
This region is influenced by a subtropical moist climate and monsoonal rains that start in early June and continue until September. Mean annual precipitation is approximately 1200 mm, of which about 80% is monsoonal; mean annual temperature is 15.7 °C. As a result of this variable climate, the basin was rich in vegetation before the Wenchuan earthquake (Figure 3a,b) . During the earthquake, the earthquake-induced geo-hazards resulted in massive movement of surface material that diminished and destroyed large areas of vegetation (Figure 3c,d ). After the earthquake, these damaged vegetation areas began to recovery (Figure 3e) . Presently, the areas of damaged vegetation are at various stages of recovery and some have fully recovered within only a few years of the earthquake (Figure 3f ).
Remote sensing data operating in the visible, near-infrared, and short-wave infrared portions of the spectrum can provide information on the vegetation dynamics and land cover changes [5, 7, 8] , particularly over large areas or in areas with restricted access [19] [20] [21] . The Normalised Difference Vegetation Index (NDVI) is widely used for monitoring, analysing, and mapping temporal and spatial distributions of physiological and biophysical vegetation features. The reported NDVI values significantly responded to changes in vegetation [13] [14] [15] [22] [23] [24] .
In the study area, these damaged vegetation areas alter the spectral signatures and NDVI values recorded on remote sensing images. These data sets are derived from both the red and near-infrared spectral bands and are sensitive to changes in biophysical conditions of vegetation, and can therefore be used to detect these damaged vegetation areas. Figure 4a -c. These NDVI images indicated that obvious decreases in the NDVI occurred in the damaged vegetation areas, and increases in the NDVI occurred in portions of the damaged vegetation areas where the vegetation had recovered. The per-earthquake vegetation and earthquake-damaged vegetation areas were extracted by examining changes of the NDVI data by examining the pre-earthquake and post-earthquake NDVI images. Figure 4d shows the vegetation distribution before the earthquake, Figure 4e shows the earthquake-damaged vegetation areas during the earthquake, and Figure 4f shows the recovery areas after the earthquake.
The statistical results showed that there was about 332. Wenchuan-earthquake-triggered landslide area [2] . The results also showed differences in the damaged conditions in this region, and the recovery capacity exhibited obvious differences according to area. Because earthquake-damaged vegetation shares an environment with landslide processes and landslide bodies are water and nutrient sources for recovered vegetation, damaged vegetation and its recovery conditions are directly associated with landslide processes. A spatial analysis of earthquake-damaged vegetation and recovered vegetation may provide useful information that can be used to understand landslide processes.
Spatial Analysis of the Earthquake-Damaged Vegetation in the Study Area

DSAL Spatial Zonation for Vegetation Survival Environments
Vegetation growth primarily depends on sunshine, water, temperature and nutrients, and these inputs are directly related to environmental conditions. For example, topography influences vegetation growth in a variety of ways: elevation influences temperature, aspect determines sunshine, and slope affects hydrological conditions. In addition, the geological setting (especially lithology) controls soil properties. River basins represent natural hydrological units for which it is possible to determine balances between the major constituent fluxes of rainfall, evaporation, and river discharge, along with groundwater storage [12] . Additionally, river (gully) basins are a natural result of changes in geomorphic processes. Hence, river basins can be characterized by their natural features, particularly in terms of topographical environments and vegetation growth.
On the basis of these natural features, the DEM and slope gradient data were mapped into four classes folded, inter-bedded limestone and sandstone; 4: thickly bedded limestone, sandstone, and metamorphic rocks. According to the above considerations, DSAL spatial zonation was defined as one spatial zonation for one given river basin, based on the natural features of the DEM, slope data, aspect data, and lithology conditions. In theory, one river basin can be mapped into 256 DSAL classes.
In the study area, DEM data ( Figure 2a ) were obtained from a topographic map (scale 1:50,000) with a resolution 25 m, and the slope and aspect were derived from the DEM data. The topographical conditions were found to have natural features. In addition, the study area is primarily comprised of granitic rock (granite and diorite). Then, the study area was zoned spatially using the DSAL zonation method, and the DSAL map was showed in the Figure 5 . The results indicate that the basin includes 64 DSAL classes with 8447 DSAL regions; human settlements and water areas had low NDVI values and flat terrain that were extracted separately. Statistical analysis showed that approximately 85% of the units have internal reliefs ranging from 10 to 300 m and approximately 89% of the units have slope gradient changes within 15°. Hence, similar conditions exist in each DSAL region.
Relationships between Damaged Vegetation and Its Survival Environments in the Study Area
In the study area, earthquake-induced landslides have caused large areas of vegetation damage. Landslide processes are heavily affected by elevation, slope gradient, slope aspect, slope material, and hydrological conditions [14, [25] [26] [27] . In contrast, vegetation survival conditions are mainly determined by elevation, slope gradient, slope aspect, slope material, and hydrological conditions in the natural environment. Thus, there are several correlations between landslide processes and vegetation growth. Although these complex interactions have not been quantitatively analysed until now, they can be confirmed using statistical analyses or other methods.
To determine the relationships among vegetation (growth conditions), damaged vegetation, recovery vegetation and its survival environments, the topographical conditions (i.e., elevation, slope gradient, slope aspect), lithology conditions and vegetative features (before the earthquake) in each DSAL region were calculated. Also, the vegetation damage probability (VDP) was defined as the ratio of damaged vegetation areas to total area in each of the DSAL regions. The vegetation recovery probability (VRP) was defined as the ratio of recovered vegetation area to total damaged vegetation area in each of the DSAL regions. Then, statistical relationships among vegetative, VDP, VRP and its survival environments in the study area are expressed via Equations (1-3).
Here, V is the mean of NDVI values in each of the DSAL regions, S is the mean slope gradient in each of the DSAL regions, D is the ratio of the mean height of the contour above the base (basin mouth) to the total height of the basin, A is the mean slope aspect in each of the DSAL regions, and L is the code for the lithological conditions zonation (i = 4). In addition, Table 1 shows the descriptive statistics and significance values for the model equations. All of the above results indicate that the probabilities of vegetation damage and its recovery capacity are both strongly correlated with topographical characteristics. Additionally, these results demonstrate that DSAL spatial zonation is reasonable for detecting the relationships between earthquake-damaged vegetation and survival environments.
Relationships between Vegetation and Slope Stability
The assemblage of trees and other vegetation that grows above hillslopes plays an important role in intercepting slope materials and protecting them from the actions of sunshine, wind and rain. Vegetation, including plant litter (leaves), helps stabilise the slope materials (1) by extensively altering the soil hydrology by reducing water loss and transpiration, intercepting raindrops and dissipating erosive energy and (2) by altering the mechanical and hydrological properties of the soil by affecting the developing root systems [28] [29] [30] . Thus, vegetation improves resistance on slopes to surficial erosion and mass wasting, whereas the removal of slope vegetation tends to accelerate or increase slope failure. Although the impact of vegetation on slope stability in mountainous regions are understood and documented, it is difficult to predict how vegetation will impact mass movement processes, such as landslides and mudflows.
Endo and Tsuruta (1969) determined the reinforcement effect of a root system based on shear strength, and showed that increased strength is directly proportional to root density [28] . Roots are the primary pathway for water and nutrient uptake by plants, and the surface material along the slope creates a root ecosystem conducive to vegetation growth. The nutrient and water inputs, which control vegetation growth, are positively correlated with surface material properties. Meanwhile, surface materials make up the bulk of landslides, and landslide processes are largely determined by the slope gradient, slope materials, elevation, and hydrological conditions. All these causative factors influence vegetation growth and the vegetation survival environment. Thus, there are some coupling relationships between landslides and vegetation, and spatial analysis of landslide-damaged vegetation is important for understanding which terrain and surface materials are susceptible to landslides. Although there is not yet a complete understanding of the interaction of vegetation and landslides, these coupling relationships can be confirmed by the use of statistical analyses or other methods.
Slope Stability Susceptibility Assessment in the Earthquake-Affected Region
The Wenchuan earthquake triggered many geo-hazards, especially landslides and collapses in the middle and high mountainous areas of China. The reduction of shear strength and overall soil cohesion, combined with ground acceleration from seismic waves, was responsible for the failure of many shallow slopes in the affected region [31] . In essence, the earthquake-induced geo-hazards are strongly controlled by the three most important factors, i.e., topographical conditions, slope material properties, and ground shaking. It is a quite complex process when an earthquake produces a range of ground shaking levels at sites throughout the region, and the ground shaking condition is more difficult to handle in modeling practice. We took into account that earthquake-induced geo-hazards are greatly influenced by topographical conditions and slope material properties at the basin scale, for the study area is located in one of the highest seismic intensity zones (Wenchuan earthquake) and the differences of the landslide occurrence probabilities at different seismic shaking levels are relatively small.
Previous studies in the area affected by the Wenchuan earthquake have demonstrated that earthquake-induced geo-hazards are strongly correlated with elevation, slope gradient and aspect, geological units, distances to the epicenter and active faults, and seismic intensity [1, [3] [4] [5] 8, 9] . Our spatial distribution analysis of earthquake-damaged vegetation indicates that the probability of vegetation damage (VDP) is influenced by the elevation, slope gradient and aspect, lithology, and vegetative features of the slope. All of these factors can influence slope failure processes. Thus, Pd can be used as an index of slope stability susceptibility. Because Equation (2) is a multivariable linear regression model, the slope susceptibility (P) model in the study is expressed via Equation (4).
Here, s is the slope gradient, d is the ratio of the height of the contour above the base (basin mouth) to the total height of the basin, v is the NDVI value, a is the slope aspect value, and L is the code for lithological zonation. All of these variables can be obtained from thematic maps representing the various factors (e.g., elevation, slope, aspect, lithology, and NDVI). These data were used to create a map of preearthquake slope stability susceptibility in the study area ( Figure 6 ). The model results show that high-susceptibility areas were located along the steep slopes of main streams. Comparing the earthquake-damaged vegetation map (Figure 4e) , the results also show good agreement between predicted susceptibility and actual conditions, except for mountaintop areas and some deep-seated landslide areas.
The model provides a time-varying estimate of the slope stability, by linking vegetation growth data with spatially varying topographical environments and materials properties. Also, the remote sensing images are used to monitor the vegetation over time and to assess the slope stability. In addition, the recovery capacity of damaged vegetation is strongly influenced by its survival environments [32] and the landslides that occurred. Hence, monitoring the recovery conditions of damaged vegetation can provide useful information about the landslide processes that occurred.
Application
The Conditions of the Mianyuan River and Subao River
The Mianyuan River (31°26′-31°42′N, 103°54′-104°11′E Mianyuan River is influenced by a subtropical moist climate and monsoonal rains that start in early June and continue until September. The river was rich in vegetation before the earthquake (Figure 8a) . During the earthquake, the earthquake-induced geo-hazards that resulted in massive movement of surface material that diminished and destroyed large areas of vegetation (Figure 8b ). Statistical results show that the total size of the damaged area was about 101.4 km 2 , which accounts for 24.7% of the total area. The Subao River basin is under the influence of a humid subtropical monsoon climate, which is warm and wet. The basin was well covered by forests and shrubs prior to the earthquake (Figure 9a ). The earthquake struck the Subao River basin, and the earthquake triggered many landslides that destroyed large areas of vegetation (Figure 9b) . Results shows that the damaged vegetation areas are zonally distributed along the rivers and streams, covering an area of 10.1 km 2 , which accounts for 13.9% of the total basin area. 
The Assessment of Slope Stability Susceptibility in the Mianyuan River and Subao River
The rocks of the Mianyuan River basin primarily consist of Sinian sandstone and siltstone; Cambrian sandstone, siltstone, and slate; Silurian phyllite, schist, and slate; Devonian dolomite limestone and sandstone; carboniferous limestone; Permian limestone and shale; Triassic sandstone, dolomite, limestone, siltstone, and shale; quaternary deposits; and magmatic rocks, granite, and diorite. Rocks in the Subao River include eight types: dolomite and dolomitic limestone; siltite and quartz sandstone; limestone intercalated with phyllite, sandstone; marlite and limestone; phyllite intercalated with limestone; limestone, shale, and sandstone; shale and sandstone; and gravel sand and siltite. Above all, the rocks in the Mianyuan River can be divided into four classes, and the rocks in the Subao River can be divided into three classes.
The slope gradient and slope aspect data can be calculated from the DEM data (Figure 7) , and the per-earthquake NDVI data can be calculated from the remote sensing images (Figures 8a and 9a) . Then, the slope stability susceptibility maps of the Mianyuan River and Subao River can be calculated using Equation (4) , and are shown in the Figure 10 . 
Results Analysis
The areas of damaged vegetation during the earthquake in the Mianyuan River and Subao River basins were used to verify the predicted slope stability susceptibility map. To assess the accuracy of the proposed method, the predicted slope stability susceptibilities were divided into ten levels, and the damaged vegetation areas in each level were calculated and were shown in the Table 2. Table 2 shows  the total area (TA, km 2 ), damaged vegetation area (DA, km 2 ) and damaged probability (DP, %) in each The Mianyuan River is located in the region with seismic intensities of X during the earthquake, while the earthquake generated high levels of ground shaking (seismic intensity XI) in the Subao River, though the Subao River area is far from the epicenter. We find that the differences in shaking conditions during the earthquake make the DP values lower than the predicted values. The above results indicate that the quantitative slope stability susceptibility should be regarded as providing a general assessment of slope stability (landslide) susceptibility rather than the precise probability of landslide occurrence, owing to the complexity of the landslide processes. Actually, the predicted slope stability susceptibility is used to detect what areas are susceptible to landslide, and the model results cannot predict the actual probability of landslide occurrence during one given earthquake.
Discussion
Shake Map Analysis in the Earthquake-Damaged Vegetation Areas
The peak ground acceleration (PGA) and peak ground velocity (PGV) are two important input parameters for earthquake engineering. Figure 11 shows the shake maps of all study river basins [33] . The PGA map (Figure 11a) indicates that both the Mianyuan River and Subao River had high PGA values, and the PGA values in the study area indicated obvious changes. The PGV map (Figure 11b) shows that both the Mianyuan River and Subao River had high PGV values and the study area had low PGV values with obvious changes. All of the results indicated that there were obvious differences between the study area, Mianyuan River and Subao River in the ground motion conditions.
The total areas (TA, km 2 ), damaged vegetation areas (DA, km 2 ) and damaged vegetation probabilities (DP, %) with PGA conditions in the study area, Mianyuan River and Subao River are shown in Table 3 . The results showed that there were no obvious correlations between the DP values and PGA condition, and the study area has obviously high DP values than both Mianyuan River and Subao River in most of PGA conditions. Thus, these results can explain why the predicted values are higher than the actual vegetation damaged probability in both Mianyuan River and Subao River. 
Survival Environments Analysis in the Earthquake-Damaged Vegetation Areas
The spatial distribution of the earthquake-damaged vegetation and its recovery conditions is analyzed statistically to determine how the damaged vegetation and its recovery processes correlate with the topographical environments, pre-earthquake vegetation conditions, and lithology. Firstly, the recovery conditions of these damaged vegetation areas, with a total area of about 834 km 2 (including the study area, Mianyuan River and Subao River), were interpreted using the 1 June 2014 and 17 June 2014 Landsat-8 OLI images. Then, the study area, Mianyan River and Subao River, were mapped into different levels based on the DEM and slope gradient data. Then, the DA, RA, V, and p values at each slope aspect zonation and lithology condition in the study area, Mianyan River and Subao River, were calculated, too. However, statistical results indicate that there are no obvious features among these values, since suitable climatic conditions (i.e., plentiful rainfall, warm temperate) enhance recovery capacity and weaken the influences of slope aspect and lithology conditions on the recovery processes in the study area, the Mianyuan River and Subao River.
The above results demonstrate that elevation and slope are the main variables in the survival environments of vegetation. According to the damaged vegetation and its recovery data, about 78.1% of the high-susceptibility areas (p ≥ 0.50) were distributed at slopes of 25° to 55° and elevations of 1000 to 2250 m, of which the actual mean VDP of these areas is 0.72, and the mean NDVI value of the damaged vegetation areas is about 0.58. Accordingly, the areas with slopes of 25° to 55° and elevations of 1000 to 2250 m can be called "susceptible areas." Statistical results also indicate that there are about 172 km 2 damaged vegetation areas in these susceptible areas, accounting for 68.3% of the total damaged vegetation area. Moreover, the statistical results also indicate that these susceptible areas with high NDVI values (NDVI ≥ 0.55) have stronger recovery capacity (VRP is about 0.82) than other regions (VRP is about 0.62), and the damaged vegetation areas with low p values have relatively weak recovery capacity. It is believed that these landslide processes determine the damaged conditions of the survival environments and influence recovery processes. In addition, the results also show that good survival environments have high NDVI values before the earthquake, and have strong recovery capacity, too.
The Validity of the Slope Stability Model
The slope stability model was developed using the earthquake-damaged vegetation data in the mountainous basins of the Wenchuan earthquake-affected region. Hence, the model is suitable for most vegetation-covered mountainous basins of an earthquake-affected region. Applications of the model demonstrated that the model is feasible and the results are reliable. However, we note that the predicted susceptible areas are more useful than the predicted values, and these predicted values are significantly greater than the actual vegetation damage probability in most of the earthquake-hit areas.
In other regions, we can develop a similar model. However, the new model requires sufficient earthquake-damaged vegetation data that includes all possible conditions because the quality of the (existing) damaged vegetation data controls the model accuracy and applicability. In addition, either the selected study area should have similar ground shaking conditions during earthquakes, or the conditions of the earthquake-damaged vegetation areas should be insensitive to the shaking conditions. The method clarified that the vegetation growth has quantitative relationships with its survival environments (i.e., elevation, slope gradient, aspect and lithology conditions) in one given mountain basin; specifically, (1) the slope stability has direct relationships with the topographical environments and pre-earthquake vegetation conditions; (2) the recovery processes and speed of the damaged vegetation areas depend on their survival environments and the type and size of suffered landslides. Therefore, one slope stability model considering NDVI was developed to detect what terrain and vegetation conditions are susceptible to landslide processes. Model results indicated that areas with slopes of 25° to 55°, elevations of 1000 to 2250 m and NDVI ≥ 0.55 were susceptible to landslide processes during earthquakes.
The model demonstrated a temporal estimation of slope stability and its effects on vegetation recovery. Monitoring the recovery processes of these damaged vegetation areas indicated that the survival environments (mainly including elevation, and slope gradient) are the main factors which controlled post-earthquake recovery capacity. In addition, most of the damaged areas with pre-earthquake NDVI ≥ 0.55 had obviously strong recovery capacity. Although some damaged vegetation areas recovered within a few years after the earthquake, there remains potential for future slope instability. These findings proved that multi-temporal remote sensing images were effective in monitoring the damaged vegetation recovery process over a large mountain area. Higher temporal resolution (i.e., seasonal frequency) images should be investigated in future studies for more detailed vegetation recovery process assessment.
